We report the XRD and Raman scattering measurements in combination with DFT calculations that reveal the formation of beryllium polyhydride Be 4 H 8 (H 2 ) 2 by laser heating Be/H 2 mixture to above 1700 K at pressures between 5 GPa and 8 GPa. The Be 4 H 8 (H 2 ) 2 crystallizes in a P 6 3 /mmc structure and consists of corner-sharing BeH 4 tetrahedrons and H 2 molecules that are in an interstitial site. The Be 4 H 8 (H 2 ) 2 is stable at least to 14 GPa on compression and stable down to 4 GPa at room temperature. Our ab-initio calculations suggest that the Be 4 H 8 (H 2 ) 2 is a meta-stable phase of Be-H system.
Since the discovery of beryllium dihydride (BeH 2 ) [1] , extensive studies of physical and chemical properties have been performed. Although the toxicity of Be hampers the practical use of BeH 2 , its high gravimetric H 2 density (Hwt% = 18.3%) is attractive for hydrogen storage. Besides, with only six electrons and light mass, BeH 2 has been an excellent bench to test advanced quantum molecular calculations [2] [3] [4] [5] [6] . Furthermore, significant Hwt% makes the investigation of superconductivity appealing because a strong electron-phonon coupling and the high frequency of atomic vibration are anticipated. In these contexts, finding the hydrogen richer allotropes of the Be-H system is a particular interest. However, there has been no experimental and theoretical studies that have found any stable BeH n (n > 2). BeH 2 has a covalent or mixed covalent/ionic Be-H bond [7, 8] . The ionicity is mainly due to the charge transfer from Be 2s to H 1s atomic orbitals, while the hybridization of H 1s and Be 2p states dominates the covalency [7] . In the solid-state, BeH 2 molecules share their H atoms with neighboring BeH 2 molecules and form corner-sharing BeH 4 tetrahedrons [2, 9] .
The BeH 4 tetrahedrons form two types of BeH 2 allotropes at ambient pressure. One is an amorphous BeH 2 [10] . Another is a crystalline BeH 2 (called α-BeH 2 ) with an Ibam (bodycentered orthorhombic) structure. The α-BeH 2 is synthesized by compacting amorphous BeH 2 at high temperatures [11, 12] . The phase diagram of BeH 2 has been revealed up to 100 GPa at temperatures from 300 to 1500 K by heating the Be/H 2 mixture. Pépin et al. have observed the synthesis of another BeH 2 (named β-BeH 2 , P 4 1 2 1 2 structure) along with α-BeH 2 by keeping the Be/H 2 mixture at 2.4 GPa and 550 K for several ten hours [12] . The α-BeH 2 is stable up to 27 GPa, while β-BeH 2 transforms into a different phase (called β'-BeH 2 ) at 17 GPa [12] . Between 27 GPa and 72 GPa, any BeH 2 allotrope decomposes into Be and H 2 [12] . Be and H 2 react again and form a BeH 2 that crystallizes in a P3m1 layered structure (1T-structure) at 72 GPa [12] . Any other phases have not been obtained below 1500 K. The Raman scattering measurements on amorphous BeH 2 reported a structural transition at 80 GPa [13] . Theoretical calculations have predicted several structural transformations of BeH 2 from Ibam, including the transformation to the P3m1 layered structure, at pressures between 0 and 400 GPa [14] [15] [16] [17] . However, a calculation using first-principles variable-composition evolutionary methodology has suggested that BeH 2 remains the only stable phase up to 400 GPa [16] . An evolutionally structure search coupled with density functional theory (DFT) calculation has also predicted that any phases of BeH n (n > 2) are unstable toward decomposition into H 2 and BeH 2 at least to 250 GPa [17] . According to the calculations, BeH 2 remains insulating or semiconducting below 200 GPa [14] [15] [16] . Above 200 GPa, Cmcm (P ≥ 200 GPa) and P 4/nmm ( P ≥ 350 GPa) phases exhibit superconducting transitions at temperatures between 20 and 90 K [15, 16] .
This study aims at searching for hydrogen-rich BeH n (n > 2) at high-pressure and hightemperature H 2 atmosphere by powder X-ray diffraction (XRD), Raman spectroscopy, and DFT calculation.
In the XRD and Raman scattering measurements, we used a diamond-anvil cell (DAC) with type-Ia diamond anvils with 0.4 mm culets. We pre-indented 0.2 mm thick gaskets made of rhenium (Re) to 50−60 µm and drilled through a 150 µm diameter hole (sample chamber) at the center of the gaskets. We loaded a tiny piece of Be (Sigma-Aldrich, 99.9%) and the small chips of ruby (Al 2 O 3 , corundum) in the sample chamber and filled the remaining room with fluid H 2 using a cryogenic H 2 -loading system [18] . The Be to H 2 molar ratios in four experiments were between 1:6 and 1:12. We estimated the pressure by ruby fluorescence wavelength using a proposed calibration curve [19] . We compressed the Be/H 2 mixture at room temperature to the pressures between 5 and 8 GPa, and then we heated it to above 1700 K by focusing IR laser (λ = 1070 nm, SPI laser) on Be. We collected the thermal radiation from the sample and analyzed it in a wavelength between 600 and 800 nm to convert the spectrum to temperature following Planck's blackbody radiation law [20] . The reaction between Be with H 2 was detected by monitoring the crystal structure change of Be from hcp using in-situ XRD measurements at BL10XU/SPring-8. After the hcp structure of Be completely disappeared, we quenched the sample to room temperature.
We performed Raman scattering measurements at room temperature in a backscattering geometry by a triple polychromator (JASCO NR1800) equipped with a liquid-nitrogencooled charge-coupled device. The 532 nm radiation from a solid-state laser was used for excitation. The focused laser spot size on the samples was about 10 µm in diameter. is calculated by dividing the unit cell volume by the number of BeH 2 units. The V f.u. of h-BeH n is larger and less compressible than that of α-BeH 2 , suggesting that n exceeds 2. Figure 1c indicates the Raman scattering spectra measured on h-BeH n . Since h-BeH n was surrounded by excess H 2 , we observed the signals from both h-BeH n and solid H 2 . The Raman scattering peaks from h-BeH n are easily distinguishable from H 2 using the data obtained in excess H 2 . For a control experiment, we heated Be in argon (Ar) to 2000 K at 5
GPa and confirmed that Be kept hcp structure in agreement with previous XRD experiments [21] . In the Raman scattering spectra of h-BeH n , there is a broad peak centering at 1960 cm −1 . A theoretical study has calculated that the Be-H stretching modes frequencies of the BeH 4 tetrahedron in α-BeH 2 are about 1750 (symmetric mode) and 1990 cm −1 (antisymmetric mode) [22] . Experimentally, these modes are observed at wavenumbers between 1300 and 2000 cm −1 for an α and β-BeH 2 mixture at 4 GPa, and they shift to higher wavenumbers under further compression [12, 23] . The observed peak at 1960 cm −1 at 7.1
GPa suggests the presence of BeH 4 tetrahedron in the unit cell of h-BeH n .
We performed a structure analysis by indexing, space-group determination, and Rietveld refinement. The diffraction peaks were indexed using BIOVIA Materials Studio (MS) X-Cell software from Dassault Systèmes [26] . The crystal lattice and the atomic coordinates of Be were refined via Rietveld analysis using MS Reflex software [27] . The energy stability and H-atom positions in each phase were investigated using the density functional theory (DFT) program MS CASTEP [28] . We employed the generalized gradient approximation (GGA)-Perdew-Burke-Ernzerhof for solids (PBEsol) exchange-correlation functionals [29] and used ultrasoft pseudopotentials [30] . The lattice parameters were set to the experimental values and refined by Rietveld analysis, and the atomic positions were optimized to minimize the total energy. When we restricted the stoichiometry to BeH 2 , we obtained two models; P 31c
and P6c2 structures that are composed of corner-sharing four BeH 4 tetrahedrons. However, the stress estimated by our DFT for these two models became 0 GPa in disagreement with experimental results (7.1 GPa). We note that these two models are isotypical to ice-Ih (ice at atmospheric pressure). Besides, the V f.u. of h-BeH n is bigger than α-BeH 2 by more than 7Å 3 at 7.1 GPa (Fig. 1b) . To mechanically support such a crystal structure with large internal space at pressures as high as 14 GPa, the presence of some substance in the interstitial sites is strongly suggested. Considering that H 2 surrounds h-BeH n in the sample chamber, H atom or H 2 molecule is the most probable. When H atoms were at the interstitial To examine the crystal structure model of h-BeH n , we compare the calculated Raman spectra for the suggested structure model with experimental results (Fig. 1c ). We note that we used a fully ordered structure with space group P 1 for the calculation. The peak 16
consists of eight peaks originating from Be-H stretching modes (see the supplemental Movie 2 [31] for the Be-H stretching mode at 2138 cm −1 .), and two of them at 2138 cm −1 and 2157 cm −1 are more intense than others. We assume that the eight peaks overlap and form the observed single broad peak. The peak 12 (1186 cm −1 ) is the rotational mode of BeH 4 tetrahedron (See the supplemental Movie 3 [31] for the rotation that corresponds to 12.).
The appearance of peaks 12 and 16 in the experiments strongly supports the suggested structure model. In the hydrides that consist of H 2 , we sometimes observe the intra-H 2 stretching mode (vibron) at wavenumbers shifted from that of pure-H 2 (4200−4400 cm −1 ).
In the present experiments, we did not observe the additional peaks near the vibron of excess-H 2 . We speculate that the peak from the accommodated H 2 in h-BeH n overlaps with that of the excess H 2 . Although a perfect matching is not achieved, the relative intensities and relative positions of the observed and calculated peaks are in reasonable agreement as a whole. We conclude that h-BeH n is Be 4 H 8 (H 2 ) 2 with the P 6 3 /mmc structure.
We investigated the structural stability of h-BeH n on pressure decrease to 1 bar by monitoring the structure change using Raman scattering measurement ( Fig. 3a and 3b ).
As pressure decreases, Raman scattering peaks show a monotonic decrease to 6.0 GPa ( Fig.   6 Intensity (arb. units) 1600 1200 800 400
Wavenumber (cm -1 ) We conclude that h-BeH n is unstable below 4 GPa decomposing to Be and H 2 .
Here, we compare the crystal structure of h-BeH n with α-BeH 2 and discuss the Be-H 
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Be + H 2 [12] BeH 2 BeH 2 BeH 2 1T-structure (P3m1) - [12] To obtain further knowledge about the thermodynamical stability of Be 4 H 8 (H 2 ) 2 , we searched for the most stable crystal structure at static conditions using a genetic algorithm and first-principles calculations (See the Supplementary Material [31] ). Our structure search predicts that BeH 3 has a positive formation enthalpy of 12 mRy/atom at 20 GPa for decomposition into BeH 2 and H 2 , as is the case in the theoretical results reported earlier [14] [15] [16] [17] .
Besides, a triclinic P1 structure emerges as the most stable one instead of P 6 3 /mmc observed by experiments. More than 80% of the compounds included in the Inorganic Crystal Structure Database have positive formation energy less than 36 meV/atom [32] . The formation enthalpy of BeH 3 is below the threshold for the acceptable instability, which suggests that Be 4 H 8 (H 2 ) 2 with P 6 3 /mmc is a metastable phase that is stabilized dynamically by the thermal effect at finite temperature. This would be the reason for the experimental result that Be 4 H 8 (H 2 ) is less dense than α-BeH 2 +(1/2)H 2 (Fig. 1b) .
In summary, we present a schematic phase diagram suggested from the present study and the previous study [12] in Fig. 5 . Applying high pressure (5−8 GPa) and high temperature 
